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Dynamics in vegetation and seed bank composition
highlight the importance of post-restoration
management in sown grasslands
Orsolya Valkó1 , Balázs Deák1,2 , Péter Török3,4 , Katalin Tóth3, Réka Kiss1, András Kelemen1,
Tamás Miglécz3, Judit Sonkoly4, Béla Tóthmérész5
Sowing grasses supports the rapid development of a closed perennial vegetation, which makes the method universally suitable
for fast and effective landscape-scale restoration of grasslands. However, to increase their diversity and to create a natural-like
species-rich grassland is a challenging task. Understanding the role of seed bank compositional changes and vegetation dynam-
ics can help to design management regimes that support the establishment of target species and suppress unwanted weeds. Our
aimwas to reveal the effect of post-restorationmanagement on the vegetation and seed bank dynamics in grasslands restored in
one of the largest European landscape-scale restoration projects. Eight years after restoration, we sampled the vegetation and
the seed bank in 96 quadrats located in 12 restored grasslands in the Great Hungarian Plain. In each grassland stand, we stud-
ied and compared amown (mown fromYear 1 to Year 8) and an abandoned plot (mown fromYear 1 to Year 3 then abandoned
from Year 4 to Year 8). Mown and abandoned plots showed divergent vegetation and seed bank development. Abandonment
led to the decline of sown grasses and higher cover of weeds, especially in the alkaline grasslands. Our study underlined that the
developing seed bank had a limited contribution to the maintenance of biodiversity in both grassland types. We found that
5 years of abandonment had a larger effect on the seed bank than on the vegetation. We stress that long-term management
is crucial for controlling the emergence of the weeds from their dense seed bank in restored grasslands.
Keywords: abandonment, alkaline grassland, cessation of mowing, grassland restoration, loess grassland, seed bank, seed sow-
ing, weed encroachment
Implications for Practice
• Seed sowing of grass mixtures is a feasible tool for restor-
ing grasslands at large scales. However, the resulting veg-
etation usually has low biodiversity, and a high density of
weed seeds is accumulating in the soil seed bank even
several years after the restoration. Therefore, post-
restoration management is necessary for suppressing
weeds both above- and belowground.
• We recommend designing the long-term management of
grassland restoration sites already when planning the res-
toration projects to ensure the management plan is eco-
logically and economically feasible.
• We recommend complementing the monitoring of vege-
tation development with the analysis of soil seed banks
for evaluating long-term restoration success.
Introduction
The restoration of degraded ecosystems is an important strategy
to mitigate the negative impacts of human activities on Earth.
Grassland restoration is widely applied in nature conservation
to increase landscape connectivity, create habitats for plants
and animals, and restore important ecosystem functions and ser-
vices (Cole et al. 2019). Best practices for the fast and successful
restoration of grasslands with high cover of perennial grasses
and low cover of unwanted weeds are well established and
widely applied (Kiehl et al. 2010; Török et al. 2011).
In many cases, introduction of seeds to restoration sites is cru-
cial for guaranteeing restoration success and ensuring coloniza-
tion by target species which are locally absent. Seed sowing is
especially recommended in large restoration sites in human-
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modified landscapes and in areas subjected to long-lasting or
severe degradation, where restoration potential of the seed bank
is limited (Török et al. 2018). Dry grasslands in general have a
low-density seed bank, characterized by a dominance of tran-
sient seeds, and containing just a few persistent seeds of only
few typical, rare, or endangered grassland species (Bossuyt &
Honnay 2008; Kiss et al. 2016; Godefroid et al. 2018). There-
fore, sowing seeds of rare target species is a widely applied spe-
cies introduction method in dry grassland restoration projects
(Barr et al. 2017). However, the availability of seed material of
regional provenance is often a major limiting factor in restora-
tion projects (de Vitis et al. 2017), and especially in large-scale
projects only a limited number of target species can be included
in the seed mixtures (Kiss et al. 2020).
Sowing a grass-dominated seed mixture guarantees a directed
vegetation development and a cost-effective way of restoration
(Kiehl et al. 2010; Török et al. 2011). In such projects, the most
challenging task is to select the right species of local provenance
and to choose a proper seed density (van der Mijnsbrugge
et al. 2010; de Vitis et al. 2017). After sowing the seed mixture,
a fast and successful grassland recovery can be expected (Baer
et al. 2002; Török et al. 2010; Deal et al. 2014). Even though
the initial vegetation is usually characterized by weeds emerging
from the seed bank of the formerly degraded areas, sown grasses
can competitively exclude such (annual or biennial) species
from the aboveground vegetation after 2 or 3 years (Török
et al. 2010). Therefore, if good seed material and well-suited
machinery are provided, seed sowing can be a feasible tool for
restoring basic grassland vegetation on large spatial scales. In
the United States, grassland restoration by seed sowing on for-
mer croplands covers millions of hectares (Baer et al. 2002),
while in Europe, seed-sowing projects can reach the extent of
several hundreds of hectares (Török et al. 2010).
The long-term maintenance of restored grasslands is a chal-
lenging task. First, low-diversity communities are often more
sensitive to disturbances because they are less stable than
high-diversity communities (Oliver et al. 2015). Greater species
richness promotes stability, because there are high numbers of
species that respond differently to the environmental fluctua-
tions, so the decline of one of them could be compensated by
the strengthening of another one (Lepš 2004). Second, the leg-
acy of the former degradation or disturbance, especially in the
form of the seed bank of weeds, acts as a threat for future devel-
opment in the species-poor restored grasslands (Halassy 2001;
Walker et al. 2004; Török et al. 2012). Finally, a dense grass
sward hampers the establishment of target grassland species,
but if the grassland is disturbed, there is a higher chance for
weeds to establish, due to their increased propagule availability
(Klaus et al. 2018). Considering these risks and threats, it is cru-
cial to develop long-term management strategies to avoid degra-
dation of the newly restored grasslands (Kelemen et al. 2014).
Regular mowing or grazing is essential to prevent weed
encroachment and litter accumulation, and to create establish-
ment microsites for target species (Tälle et al. 2016).
In this study, we tested the effects of post-restoration manage-
ment (mowing vs. abandonment) on the vegetation and seed
bank of alkaline and loess grasslands, which were restored
during one of the largest grassland restoration projects in
Europe, where seeds of native grasses, primarily from local
provenance, were sown (LIFE 04 NATHU 119, “Grassland res-
toration and marsh protection in Egyek-Pusztakócs” LIFE pro-
ject). Alkaline grasslands are typical on nutrient-poor, saline
soils, and usually have a species-poor vegetation (Deák
et al. 2014), but a diverse and dense seed bank (Valkó
et al. 2014). Loess grasslands are typical on fertile chernozem
soils and are characterized by high plant diversity in the above-
ground vegetation (Kelemen et al. 2013), and low seed density
and diversity in the seed bank (Tóth & Hüse 2014). This study
system offers a unique opportunity for testing the effects of
post-restoration management on the vegetation and seed bank
of two different types of restored grasslands.
We tested the following hypotheses: (1) Abandoned restored
grasslands are characterized by lower species richness, lower
cover of sown native perennial grasses, and higher cover of
unwanted weeds compared to mown ones (Kelemen et al. 2014).
(2) The effects of abandonment depend on grassland type and
we expect that, due to their poor seed bank (Tóth & Hüse 2014),
restored loess grasslands are more sensitive to abandonment
than restored alkaline grasslands (Valkó et al. 2014). (3) The
effect of abandonment is more pronounced in the aboveground
vegetation of the restored grasslands compared to the seed bank
as vegetation changes faster than seed bank (Miao et al. 2016).
Methods
Study Area
Our study area is in the Hortobágy National Park (Great Hungar-
ian Plain), near Tiszafüred and Egyek towns. The climate of the
region is moderately continental with a mean annual precipita-
tion of 550 mm and a mean temperature of 9.5C (Lukács
et al. 2015). The National Park holds one of the largest remain-
ing natural open landscapes in Europe, characterized by a
diverse mosaic of loess and alkaline grasslands, meadows, and
wetlands (Deák et al. 2014). Because of their fertile chernozemic
soils, many stands of loess grasslands have been converted to
arable fields, and in some regions, large stands of alkaline grass-
lands with less fertile meadow solonetz soil were also plowed.
The most typical crop plants in the region are alfalfa (Medicago
sativa), sunflower (Helianthus annuus), and wheat (Triticum
aestivum) (Török et al. 2012).
Restoration Project
In the study area, in total 760 ha of grasslands were restored on
former croplands, which was one of the largest grassland resto-
ration projects in Europe (LIFE 04 NAT HU 119). The aim of
the landscape-scale restoration project was to create buffer
zones around wetlands and to restore the historical landscape
connectivity (Lengyel et al. 2012). The two target habitats were
alkaline grasslands (Natura 2000 habitat *1530: Pannonic salt
steppes and salt marshes, habitat of special community interest;
Šefferová Stanová et al. 2008) and loess grasslands (Natura
2000 habitat 6250: Pannonic loess steppic grassland, habitat of
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community interest; European Commission 2013). Two types of
grass seed mixtures were sown after soil preparation in a density
of 25 kg/ha in October 2005 (Deák et al. 2011). To restore alka-
line grasslands, on lower-elevated (<90 m a.s.l.) sites an “alka-
line seed mixture” containing the seeds of Festuca pseudovina
(66%) and Poa angustifolia (34%) was sown. To restore loess
grasslands, on higher-elevated (>90 m a.s.l.) sites the sown
“loess seed mixture” contained the seeds of F. rupicola (40%),
P. angustifolia (30%), and Bromus inermis (30%) (Török
et al. 2010). These perennial grass species were selected because
they are typical in the region, their seeds were available from
regional provenance, and they are good competitors that can
suppress weeds. The seeds used for restoration were from local
provenance: Festuca seeds were harvested in the grasslands in
the region, while seeds of P. angustifolia and B. inermis were
purchased from a company, but the seed stock originated from
the study region.
Vegetation Sampling
We selected 12 restored grasslands for the study (mean  SD
size of restored grasslands is 25.5  14.7 ha), seven of them
were alkaline and five were loess grasslands. We designated
two 5 m × 5 m–sized plots in each grassland. One of the plots
was “mown” and has been mown every year by hand in the mid-
dle of June, from Year 1 to Year 8. The other plot was “aban-
doned” and was only mown between Year 1 and Year 3, but
mowing was stopped from Year 4 onwards. This way we tested
the effects of abandonment of post-restoration management on
the vegetation and seed banks of restored grasslands. In each
5 m × 5 m–sized plot we designated four 1 m × 1 m–sized per-
manent quadrats, where we recorded vegetation data and sam-
pled soil seed banks. For this study, we used data from Year
8 (2013). During the vegetation survey, percentage cover of vas-
cular plants was recorded in early June in the 1 m × 1 m quad-
rats. Nomenclature follows Király (2009).
Seed Bank Sampling
The soil seed bank was sampled in each quadrat in Year 8 in late
March, after snowmelt. Three soil cores (4 cm diameter, 10 cm
depth) were taken per quadrat. The three cores originating from
the same quadrat were pooled and processed together. We con-
centrated seed bank samples according to the protocol of ter
Heerdt et al. (1996) by washing out finemineral and organic par-
ticles to reduce sample volume. Larger plant particles were
retained with a coarse mesh (2.8 mm) and were disposed, while
seeds were retained using a fine mesh (0.2 mm). Concentrated
samples were spread in a thin layer on the surface of steam-
sterilized potting soil in germination boxes (15 cm × 60 cm).
Samples were germinated under natural light conditions in an
unheated greenhouse from early April until early November.
Samples were watered regularly, but from mid-July to mid-
August we included a drought period when we did not water
the pots in order to mimic natural summer drought conditions
typical in the studied grasslands. Germinated seedlings were
regularly counted and identified, while unidentifiable seedlings
were transplanted and grown until they developed diagnostic
features. Accidental air-borne seed contamination was moni-
tored in control trays filled with steam-sterilized potting
soil only.
Data Processing
We pooled Typha latifolia and T. angustifolia as Typha angusti-
folia (in total 193 seedlings) in the analyses as we could not dis-
tinguish the germinated specimens due to the lack of flowering.
We considered adventive species (e.g. Conyza canadensis),
ruderal competitors (e.g. Cirsium arvense), and weed species
(e.g. Descurainia sophia) as weeds based on the social behavior
type classification system of Borhidi (1995). We considered
unsown species typical to alkaline and loess grassland habitats
as unsown target species (Borhidi 1995). Sown grasses were
analyzed separately from naturally established unsown target
species. We calculated the Jaccard similarity of the species com-
position of the vegetation and seed bank for each quadrat.
Effects of “management” (mown, abandoned), “grassland
type” (alkaline, loess), and the interaction of “management”
and “grassland type” on vegetation and seed bank characteristics
were analyzed by generalized linear mixed Models (GLMM) in
SPSS 20.0 (Zuur et al. 2009). Grassland stand was included as
random factor. Dependent variables for the vegetation were total
species richness, and the cover of weeds, sown grasses, and
unsown target species. For the seed bank, we included total spe-
cies richness, and the seed bank density of weeds, sown grasses,
and unsown target species. In the case of seed density of target
species, substantial zero-inflation was observed; therefore, we
fitted a Poisson GLMM with control for zero-inflation, using
automatic differentiation model building GLMM of the R-
package “glmmADMB” (Fournier et al. 2012; Skaug et al. 2016).
We identified indicator species of the vegetation and seed bank
with the IndVal procedure (Dufrêne & Legendre 1997), using
the “labdsv” package in an R environment (R Core Team 2016).
Species composition of the vegetation and seed bank was visu-
alized by DCA (detrended correspondence analysis) ordination,
based on relative abundance data of species using CANOCO
5 (ter Braak & Šmilauer 2012).
Results
We found in total 165 species in the studied grasslands. One
hundred and six species were recorded in the aboveground veg-
etation and 129 in the seed bank. Of these, 36 species were pre-
sent in the vegetation only, 59 in the seed bank only, and 70 both
in vegetation and seed bank. The Jaccard similarity of the spe-
cies composition of the vegetation and seed bank was low
(0.16  0.07, mean  SD) regardless of management and
grassland type ( Fig. 2B).
Vegetation Characteristics
Total plant species richness of the aboveground vegetation was
not significantly affected by management and grassland type
(Table S1, Fig. 1A). The cover of unsown target species was
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low, regardless of management and grassland type (Table S1,
Fig. 1B). The cover of weeds was affected by management
and grassland type (Table S1), with the highest cover of weeds
in alkaline grasslands and in abandoned plots (Fig. 1B). The
cover of sown grasses was affected by management and the
interaction of management and grassland type (Table S1), with
highest values in mown plots and lowest cover of sown grasses
in abandoned alkaline grasslands (Fig. 1D).
Seed Bank Characteristics
In total 5,045 seedlings germinated from the seed bank samples.
Total seed density ranged between 3,183 and 89,127 seeds m−2,
mean seed density was 13,939 seeds m−2. Plant species richness
of the seed bank was affected by management and grassland
type (Table S1). The highest species richness was recorded in
mown grasslands (Fig. 2A). Total seed density was affected by
management and the interaction of management and grassland
type (Table S1), being highest in mown grasslands and particu-
larly in mown alkaline grasslands (Fig. 2C). Thus, seed density
decreased due to abandonment in the loess grasslands (Fig. 2A).
Management and the interaction of management and grassland
type affected the seed density of weeds (Table S1) showing
highest numbers of weed seeds in abandoned alkaline grasslands
(Fig. 2D). Both management and grassland type also affected
seed density of sown grasses (Table S1) with highest numbers
in mown and alkaline grasslands (Fig. 2E). Management type
had a significant effect on the seed density of target species
(zero-inflated GLMM, β = −1.64, z = −5.67, p < 0.001),
whereas grassland type did not have a significant effect
(β = 0.18, z = 0.27, p = 0.79). Also, the interaction term between
management and grassland type was significant (β = 1.30,
z = 3.54, p < 0.001), indicating that management had no signif-
icant effect in loess grasslands (Fig. 2F).
Figure 1. Species richness (A), cover of target species (B), weeds (C), and sown grasses (D) in the vegetation of 8-year-old mown and abandoned restored
grasslands.White boxes—Restored alkaline grasslands; gray boxes—Restored loess grasslands. The boxes show the interquartile range, the lower whiskers show
the minimum, the upper whiskers show the maximum, and the inner lines display the median values. The results of GLMMs (Table S1) are displayed on each
panel using the following notations: M—Effect of management; G—Effect of grassland type; M × G—Effect of the interaction term between management and
grassland type; ***p ≤ 0.001; **p ≤ 0.01; *p ≤ 0.01; n.s., not significant.
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Figure 2. Species richness in the seed bank (A), Jaccard similarity of the vegetation and the seed bank (B), total seed density (C), the seed density of weeds (D),
sown grasses (E), and target species (F) in the 8-year-old mown and abandoned restored grasslands. Note that one seedling corresponds to a seed density of
265 seeds m−2. White boxes—Restored alkaline grasslands; gray boxes—Restored loess grasslands. The boxes show the interquartile range, the lower whiskers
show the minimum, the upper whiskers show the maximum, and the inner lines display the median values. The results of GLMMs (Table S1) are displayed on
each panel using the following notations: M—Effect of management; G—Effect of grassland type; M × G—Effect of the interaction term between management
and grassland type; ***p ≤ 0.001; **p ≤ 0.01; *p ≤ 0.01; n.s., not significant.
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Species Composition of the Vegetation and the Seed Bank
In line with the differences in species richness and identity
observed (see above), species composition of the vegetation
and the seed bank was clearly separated on the DCA ordination
(Fig. 3). The seed bank had a generally more homogeneous spe-
cies composition than the vegetation, shown by a narrow clus-
tering of all seed bank samples. Concerning the vegetation,
quadrats sown with alkaline and loess seed mixture were clearly
separated, while this was not so obvious for the seed bank. In the
vegetation, the species composition of the abandoned quadrats
was more heterogeneous compared to the mown ones; in the
seed bank, there was no such trend.
Both DCA and Indicator Species analysis confirmed that the
initially sown grass species were characteristic for the vegeta-
tion of the mown grasslands (Festuca pseudovina and Poa
angustifolia in the alkaline grasslands, and Bromus inermis
and F. rupicola in the loess grasslands; Fig. 3, Table S2). The
mown grasslands’ vegetation included indicator species for both
weeds (Convolvulus arvensis, Vicia villosa) and target grassland
species (Achillea collina, Cruciata pedemontana, Trifolium
campestre). There were seven weed species that were character-
istic to the vegetation of abandoned grasslands, including Cir-
sium arvense, Galium spurium, and Lactuca serriola.
Characteristic species of the seed bank predominantly included
weeds (Capsella bursa-pastoris, Chenopodium album,
Echinochloa crus-galli) and a few target species (Inula britan-
nica, Matricaria chamomilla, Spergularia rubra; Table S3).
Discussion
Our study confirmed that the cessation of post-restoration man-
agement represents a risk for the restored grasslands also in areas
where grasslands are less dependent on management than in
more temperate regions where forest depicts the climax vegeta-
tion. We found that abandoned grasslands are characterized by a
lower cover of sown perennial grasses and higher cover of
weeds compared to mown ones, which partly confirmed our first
hypothesis. We did not detect a decline in species richness in the
aboveground vegetation due to abandonment, which is likely
due to the generally low species richness of the studied mown
and abandoned grasslands. The most abundant weed species of
the abandoned grasslands was Cirsium arvense, which is among
the most troublesome weed species worldwide and the third
most noxious weed in Europe (Friedli & Bacher 2001). Its high
cover in the vegetation of abandoned grasslands represents a
major threat of future encroachment, as the species produces
large amounts of long-term persistent seeds, and also effectively
spreads vegetatively (Tiley 2010). Balanced against its difficulty
as a weed, C. arvense is a host to numerous insects, many
attracted by copious and accessible nectar and strong flower fra-
grance (Tiley 2010).
We found that abandoned alkaline and loess grasslands
showed distinct vegetation composition: alkaline grasslands
were mainly characterized by weeds while loess grasslands were
characterized by the high cover of the sown grasses. This partly
confirmed our second hypothesis as we found that grassland
type affected the vegetation and seed bank of abandoned grass-
lands.We expected that restored loess grasslands are sensitive to
the effects of abandonment, because most target forbs character-
istic to loess grasslands do not have persistent seed banks
(Tóth & Hüse 2014; Valkó et al. 2014). Even though we
detected higher seed densities in alkaline grasslands, the expres-
sion of the seed bank was likely hampered by the strong biotic
filtering effect of the sown grasses (Deák et al. 2011). In addi-
tion, natural loess grasslands are generally sensitive to changes
in management (Kelemen et al. 2013). However, in our study,
the cover of perennial grasses remained high in abandoned loess
grasslands. This can be attributed to the biotic filtering effect of
one of the sown grass species, Bromus inermis, which is a highly
competitive species that could persist in the loess grasslands
regardless of abandonment and effectively suppresses weeds
in the vegetation (see also Kelemen et al. 2014). However, in
the long run, encroachment by B. inermis would result in a fur-
ther decrease in diversity of the loess grasslands.
Our study confirmed the limited potential of the soil seed
bank to maintain the species richness of the restored alkaline
and loess grasslands. In general, the seed bank was dominated
by weeds and there were only a few target species (see also
Klaus et al. 2018; Wagner et al. 2018). The similarity of the spe-
cies composition of vegetation and seed bank was low, as was
found in other restored grasslands (Rayburn et al. 2016; Gode-
froid et al. 2018). Thus, it is likely that abandonment affects
Figure 3. DCA ordination based on the relative abundances of the plant
species in the vegetation and seed bank of the restored grasslands. Notations:
Black symbols—Vegetation; gray symbols—Seed bank, circles—Alkaline
grasslands, squares—Loess grassland; full symbols—Mown sites, empty
symbols—Abandoned sites. —Vegetation, alkaline grassland, mown;
—Vegetation, alkaline grassland, abandoned; —Vegetation, loess
grassland, mown; —Vegetation, loess grassland, abandoned; —Seed
bank, alkaline grassland, mown; —Seed bank, alkaline grassland,
abandoned; —Seed bank, loess grassland, mown; —Seed bank, loess
grassland, abandoned. Eigenvalues were 0.565 (first axis) and 0.330 (second
axis). Cumulative percentage variance of species data was 9.8% for the first
and 15.5% for the second axis, respectively.
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the vegetation and seed bank through different mechanisms.
Contrary to our third hypothesis, we found that 5 years of aban-
donment had a larger effect on the seed bank than on the vegeta-
tion. Abandonment had a significant effect on all seed bank
characteristics. In abandoned grasslands, we found decreased
plant species richness and total seed density, increased seed den-
sity of weeds, and decreased seed density of sown grasses and
target species. In general, the seed bank of the restored grass-
lands was primarily characterized by annual weeds (more than
70% of all viable seeds), such as Capsella bursa-pastoris, Che-
nopodium album, and Conyza canadensis. The seed bank of
weeds followed the changing vegetation after abandonment
(see also Shang et al. 2016). The seed density of weeds increased
in the alkaline and decreased in the loess grasslands. The high
cover of B. inermis in the loess grasslands probably prevented
establishment and seed production of weed species and
decreased the rate of build-up of their soil seed bank. To the con-
trary, in abandoned alkaline grasslands, the cover of weeds in
the vegetation increased, contributing to the build-up of their
seed bank. This was supported by the decreased cover of sown
grass species in the abandoned grasslands.
Our findings demonstrate that post-restoration management is
important for maintaining the cover of sown grasses and for sup-
pressing weed species, which are still abundant in the vegetation
and seed bank. We found that abandonment leads not only to
encroachment by weed species in the vegetation, but also to a
build-up of their seed bank. When management is stopped a
few years after restoration, grasslands become increasingly
unattractive for future land use by grazing or mowing due to
increasing weed abundance. In regions where animal husbandry
is economically profitable, long-term management of the
restored meadows and pastures can be ensured (Abson
et al. 2017). In other cases, the management of restored grass-
lands is often guaranteed only in the short term, which is gener-
ally limited to the few-years-long maintenance period of the
restoration project (Valkó et al. 2018). Our results highlight that
it is essential to plan the long-term management of the restored
grasslands early in the restoration projects, and to ensure that
management is ecologically and economically feasible.
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The following information may be found in the online version of this article:
Table S1. The effect of management (mown/abandoned), grassland type (alkaline/
loess), and their interaction on the vegetation and seed bank characteristics of the
restored grasslands (generalized linear mixed models).
Table S2. Significant indicator species in the vegetation. Freq. refers to the total fre-
quency of a species in the vegetation and seed bank samples (N = 192).
Table S3. Significant indicator species in the seed bank. Freq. refers to the total fre-
quency of a species in the vegetation and seed bank samples (N = 192).
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